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Abstract
Massive neutrinos can have helicity s‖ , −1. Neutrino helicity changes when the neutrino interacts with an external magnetic field
and it is possible that the left-handed neutrinos born inside the Sun or a supernova could leave their sources with a different helicity.
Since Dirac and Majorana neutrinos have different cross sections in the scattering on electrons for different neutrino helicities, a
change in the final neutrino helicity may generate a different number of events and spectra in terrestrial detectors when astrophysical
neutrinos have travelled regions with strong magnetic fields. In this work, we show that looking for these effects in solar neutrinos,
it could be possible to set bounds in the neutrino properties such as the neutrino magnetic moment. Furthermore, for neutrinos
coming from a supernova, we show that even in the case of an extremely small neutrino magnetic moment, µν ∼ 10
−19µB, there will
be measurable differences in both the number of events and in the spectra of Majorana and Dirac neutrinos.
1. Introduction
A fundamental challenge faced by the particle physics com-
munity is to determine the Majorana or Dirac nature of the neu-
trino. In order to assess this question, experimentalists are ex-
ploring different reactions where the Majorana nature may be
manifested (for a review see e.g. [1]). Well known facts con-
cerning this problem are:
1. a Majorana particle is identical to its own antiparticle and
it leads to reactions where the lepton number is not con-
served. The prototypical example of such processes is the
neutrinoless double beta decay [2, 3, 4, 5] and,
2. massive neutrinos can have helicity s‖ , −1 and there are
helicity-driven effects yielding a sizeable difference in the
scattering cross sections for Majorana and Dirac neutrinos
on electrons [6, 7, 8].
Most of the experimental effort is focused in the search for neu-
trinoless double beta decay. Multiple experiments have been
constructed for this purpose like the Heidelberg-Moscowexper-
iment [9], IGEX [10], EXO [11], GERDA [12], Kamland-ZEN
[13] or CUORE [14], among others.
The purpose of this work is to show that the second possi-
bility may lead to observable differences between the Majo-
rana and Dirac neutrinos. Previous works on this topic have
been concentrated in a full conversion of left handed Majorana
neutrino into right handed Majorana anti-neutrino [15, 16, 17].
The non observation of electron anti-neutrinos in solar detec-
tors have set strong limits on the neutrino magnetic moment
[18]. Here, we will show that it is not necessary to have a full
neutrino-antineutrino conversion in order to obtain a positive
signal of this effect, but only a change in the vector polarization
will lead to measurable differences.
We organized the paper as follows: In section 2, we present
the Dirac and Majorana neutrino-electron elastic scattering
cross sections as functions of the polarization vector of the in-
cident neutrino. Next, in section 3 we study the change of
neutrino helicity in the presence of a magnetic field. In sec-
tion 4, assuming a model for the magnetic field of the Sun
[19], we study this effect for solar neutrinos and translate re-
sults of the direct measurement of the 7Be solar neutrino sig-
nal rate performed by Borexino [20] into a constraint for the
neutrino magnetic moment. Finally, in section 5, we discuss
the case of supernova neutrinos where, due to the strong mag-
netic fields generated in a supernova, in some cases as strong
as B ∼ 1015 Gauss [22, 23], even an extremely small neutrino
magnetic moment, as small as µν ∼ 10
−19µB, can make a signif-
icant change in the polarization vector, leading to measurable
differences between Majorana and Dirac neutrinos in both the
number of events and the energy spectrum.
2. The ν-e scattering cross section including neutrino polar-
ization
Possible differences in the ν-e scattering cross section be-
tween Dirac and Majorana neutrinos have been previously con-
sidered concluding that such differences are proportional to the
neutrino masses [24, 25]. Because of the smallness of the neu-
trino masses, in practice, no measurable difference in the Majo-
rana or Dirac ν-e scattering cross section seems to be possible.
Nevertheless, this conclusion applies to the considered unpo-
larized cross section and, according to [7, 8], when the neutrino
polarization is taken into account, a clear difference between
Majorana and Dirac neutrinos in neutrino-electron scattering
appears. Defining the incident neutrino polarization vector in
the neutrino rest frame as sν =
(
0, s⊥, 0, s‖
)
, we can calculate
the differential cross sections for each case, Dirac and Majo-
rana, in terms of the helicity s‖. In [7, 8] the cross sections were
computed in the center of mass frame. Here we present results
in the laboratory frame, which is more suitable for the purposes
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Figure 1: Integrated cross section for the Beryllium line as a function of the
neutrino spin polarization.
of this paper. The differential cross section for ν-e elastic scat-
tering process is given by
d2σD
dEiνdT
=
meG
2
F
4π
{
(gA + gV )
2 E
i
ν(E
i
ν − s‖P)
P2
+
(
(gA + gV )
2 (E
i
ν − T )
2
P2
+ (g2A − g
2
V )
meT
P2
) (
1 − s‖
Eiν
P
)
+
(
s‖
P
(gA − gV )
2(Eiν − T )
(
1 +
T
me
)
+ (g2A − g
2
V )
(
1 − s‖
T
P
))
,
×
(
mν
P
)2 }
, (1)
in the Dirac case, while if the neutrino is a Majorana particle
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In last two equations, P =
∣∣∣∣~Piν
∣∣∣∣ is the momentum of the inci-
dent neutrino, whereas T represents the electron recoil energy.
From Eqs. (1) and (2), with mν = 0 and s‖ = −1, the usual dif-
ferential cross section for ν-e scattering is recovered. Presently,
cosmological data sets a limit on the sum of the neutrinomasses∑
mν < 0.183 eV [26, 27]. Furthermore, terrestrial experiments
designed to measure the effect of neutrino masses on the tritium
β-decay spectrum near its endpoint have set an upper bound
on the electron neutrino mass of mνe < 2.3 eV at 95% C.L.
[28, 29]. Thus, neutrino masses are really small, and the only
variable able to produce a difference between a Dirac neutrino
and a Majorana neutrino is s||. Notice that the leading effects
for s|| , −1 in Eqs. (1, 2) are proportional to the electron mass.
In order to illustrate the differences between Dirac and Majo-
rana cross sections driven by s||, we calculate the cross section
-1 -0.8 -0.6 -0.4 -0.2 0
s||
0
0.05
0.1
0.15
0.2
0.25
D
(s |
|)
Borexino sensitivity
Figure 2: The function D(S ||) for the
7Be line of the solar spectrum within the
Borexino integration intervals.
for a specific polarization
σM,D(s||) ≡
∫ Tmax
Tmin
dT
∫ ∞
0
dEνλ(Eν)
d2σM,D
dEνdT
(Eν, T, s||) , (3)
where λ(Eν) is the neutrino spectrum, which depends on the
neutrino source under consideration. For definitiveness, we will
use the 7Be line of the solar neutrino spectrum. In this case, the
spectrum will be a Dirac delta centred in Eν = 0.862 MeV. For
the recoil energy T , we will assume a detector with the features
of Borexino, i.e. we consider T ∈ [250, 750] keV.
In order to exhibit the size of the helicity-driven effects, in
Fig. 1 we plot the integrated cross sections for Dirac and Ma-
jorana neutrinos taking mν = 1 eV in the numeric calculations.
We can see three important features from this figure:
1. a left handed Dirac neutrino has the same cross section as
a left handed Majorana neutrino,
2. a right handed Majorana neutrino has the same cross sec-
tion as a left handed Dirac antineutrino, and
3. a right handed Dirac neutrino has zero cross section, i.e. it
is a sterile neutrino.
Besides these three limits, there are differences in the Majo-
rana and Dirac cross sections for -1 < s‖ < 1. A way to quantify
this difference is given by means of the function
D
(
s‖
)
≡
|σM(s‖) − σ
D(s‖)|
σD(s‖)
, (4)
which only depends on the helicity s‖. We remark that neutrino-
mass-driven effects cancel in the difference and this function
reflects the helicity-driven effects properly. The function D(s||)
with σM,D integrated assuming λ(Eν) = δ(Eν − 0.862MeV) and
T ∈ [0.250, 0.750] MeV is shown in Fig. 2. From this plot, we
conclude that there is a sizable difference in the cross section
for the scattering of Majorana and Dirac neutrinos with s|| , −1
off electrons.
Neutrinos are born as left handed-particles. Indeed, for in-
stance, in the decay of a pseudo-scalar meson P+ → ℓ+ + ν, the
neutrino helicity s|| can be computed as s|| = (E −W)|~k|/(WE −
2
Table 1: Stronger limits for different neutrino effective magnetic moments.
Experiment Limit Ref.
GEMMAReactorν¯e−e− µνe < 2.9 × 10
−11µB [37]
LSNDAccelerator(νµ ,ν¯µ)−e− µνµ < 6.8 × 10
−10µB [38]
BorexinoSolarν¯e−e− µνe < 5.4 × 10
−11µB [20]
|~k|2) with W and E the energies of the charged lepton ℓ and
the neutrino, respectively [30]. Due to the smallness of the
neutrino mass, effectively the initial vector polarization can be
written as sν =
(
0, s⊥ = 0, 0, s‖ = −1
)
and, as we have shown
before, Dirac or Majorana ν-e cross sections for small neutrino
masses and left handed Dirac or Majorana neutrinos are iden-
tical. The challenge we face now is to find physical processes
able to change the neutrino helicity s‖.
3. Change of neutrino polarization due to a magnetic field
Fortunately, nature offers a way in which the neutrino helicity
may be modified. Indeed, any neutral particle with a magnetic
moment can change its longitudinal part of the polarization vec-
tor in the presence of an external magnetic field. The change in
the helicity is given by the Bargmann-Michel-Telegdi equation
[32, 33]
ds||
dr
= −2µνB⊥s|| , (5)
where B⊥ is the component of the external magnetic field per-
pendicular to the propagation of the neutrino and µν is the effec-
tive neutrino magnetic moment. Neutrinos can have a magnetic
moment if they are massive. The effective neutrino magnetic
moment is different for Majorana and Dirac particles. The Ma-
jorana neutrino magnetic moment is introduced via the effective
electromagnetic Hamiltonian HMem = −
1
4
νT
L
C−1λσαβνLFαβ +h.c.
[34]. Here λ = µ − id is an antisymmetric arbitrary complex
matrix. On the other hand, the corresponding Dirac electro-
magnetic effective Hamiltonian is HDem =
1
2
ν¯Rλσ
αβνLFαβ + h.c.
and in this case, λ = µ − id is an arbitrary complex hermitian
matrix [35]. Experiments are only sensitive to some process-
dependent effective neutrino magnetic moment µν given by a
superposition of the matrix elements of λ (see for instance [36]).
It is this effective moment the one that will affect the change of
the neutrino helicity s|| according to Eq. (5), thus we can for-
get about the physics behind the specific value of the effective
parameter appearing in this equation and treat on equal footing
the evolution of s|| for both Dirac and Majorana neutrinos. Ex-
perimental limits on this effective magnetic neutrino moment
are shown in Table 3.
The other relevant ingredient to describe the change of s||
is the external magnetic field B⊥ and the next sections are de-
voted to explore two natural sources of neutrinos produced in
an environment with magnetic fields: the Sun and supernova
explosions.
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Figure 3: Top panel: The magnetic field in the interior of the Sun. Bottom
panel: Evolution of the neutrino polarization s|| as it travels in the solar interior.
4. Change of the neutrino helicity in the Sun
The question is whether the Sun magnetic field can produce
sizeable changes in the helicity of neutrinos to yield a measur-
able effect in terrestrial detectors or not. In order to answer this
question, we follow the magnetic profile proposed in [19]. It
was obtained by means of full self-consistent and analytical so-
lutions of the magneto-hydrodynamic equations inside the Sun.
The magnetic field inside the Sun was computed as a family of
solutions given by
Bkr(r, θ) = 2Bˆ
k cos θ
[
1 −
3
r2S k
(
sin(zkr)
zkr
− cos(zkr)
)]
,
Bkθ(r, θ) = −Bˆ
k sin θ
[
2 +
3
r2S k
(
sin(zkr)(1 − (zkr)
2)
zkr
− cos(zkr)
)]
,
Bkφ(r, θ) = Bˆ
kzk sin θ
[
r −
3
rS k
(
sin(zkr)
zkr
− cos(zkr)
)]
, (6)
where zk denote the roots of the spherical Bessel function,
S k ≡ zk sin zk and the boundary conditions B⊥(r = 0) = B⊥(r =
R⊙) = 0 are imposed. The polar angle is θ and the distance
r has been normalized to the solar radius R⊙. The coefficient
Bˆk(Bcore) is given by
Bˆk =
Bcore
2(1 − zk/ sin zk)
. (7)
There is an upper limit on the magnitude of the Solar magnetic
moment in the core. It should be smaller than 30 G [39]. Fur-
thermore, the solar magnetic field in the convective zone should
be smaller than 100-300 kG [40]. Latest analysis suggests a
lower value [18, 41, 42, 43] hence we consider a conservative
maximum value of the magnetic field in the convective zone of
10 kG.
Taking advantage of the linearity of the magneto-
hydrodynamic equations, any linear combination of BK is also
a solution, hence the solar magnetic field is computed as ~B =∑
K cK ~BK . More details in the method for computing cK can be
found in [19]. Finally, the perpendicular component B⊥, which
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Figure 4: The value of s|| evaluated at r = R⊙, i.e. the final value of the neutrino
helicity when the neutrino leaves the Sun for different values of the neutrino
magnetic moment µν.
is relevant to the neutrino evolution of s||, can be computed as
B⊥ =
√
B2φ + B
2
θ . In Fig. 3 we show an example of a magnetic
field profile for B⊥(r) in the Sun.
Once we have set the magnetic profile of the Sun, we can
solve Eq. (5) to find s||(r) for different values of µν. As an
example, in the bottom panel of Fig. 3 we show s|| as a function
of the radial coordinate r for the upper bound of the neutrino
magnetic moment µν = 10
−11µB. From this plot, it is clear
that the magnetic field in the Sun may produce a considerable
change in the neutrino helicity, thus the effects of this change in
observables for terrestrial detectors are worthy of study.
4.1. On the limit on neutrino magnetic moment
The neutrino magnetic moment µν changes the neutrino he-
licity modifying the expected ν-e elastic cross section for solar
neutrinos colliding with electrons on Earth. Also, it produces
an extra term given by the electromagnetic interaction of the
neutrino with the electron given by [44, 45]
dσem
dT
=
πα2
m2e
µ2ν
µ2
B
(
1
T
−
1
Eν
)
. (8)
Furthermore, the inclusion of µν may change the neutrino
probability oscillation. Thus, the number of expected events
changes accordingly:
N
M,D
theo
= nttφ
∫
dEνdTP(Eν, µν)λ(Eν)
d2σ(Eν, µν, s||)
M,D
dEνdT
, (9)
where nt is the number of targets, φ the flux, t the observation
time and
d2σ(Eν ,µν,s||)
dEνdT
includes both s of Eq. (1) or Eq. (2) and
the electromagnetic contribution given by Eq. (8).
The 7Be line of the solar neutrino spectrum offers a unique
way of testing neutrino-electron cross section. Indeed, in this
case Eν = 0.862 MeV, the energy distribution in Eq. (9) is a
Dirac delta function, the probability is only a function of the µν
and it is easy to compute the relative differences in the number
of events for Majorana and Dirac neutrinos
|NM
theo
− ND
theo
|
ND
theo
=
|σM(s‖) − σ
D(s‖)|
σD(s‖)
= D(s||). (10)
Notice that Eq. (4) coincides with the normalized uncertainty
in the number of events. In this concern, the uncertainty in the
data of Borexino number of events translates into an uncertainty
in the Dirac-Majorana difference D
(
s‖
)
, putting an upper bound
on this quantity.
From the number of neutrino events N = 49 ± 1.5stat+1.5
−1.6
syst
counts/day/100 ton reported by Borexino [20, 21] we obtain
that the Dirac-Majorana difference should be less than 4.4%.
Solving for D(s||) < 0.044 (see Fig. 2) we obtain the constraint
s|| < −0.68 for the helicity of the neutrinos caught in Borexino
detectors.
In order to assess possible effects of the helicity change of
solar neutrinos in terrestrial detectors, we need the value of the
neutrino helicity when it leaves the Sun, s||(r = R⊙). This quan-
tity depends on the neutrinomagnetic moment. Assuming that a
left handed neutrino was born in the center of the Sun and using
the previously described magnetic profile in the Sun, we calcu-
late s||(r = R⊙) as a function of the neutrino magnetic moment.
Our results are shown in Fig. 4. Since most of the magnetic
fields between the Earth and the Sun are negligible, neutrinos
detected in terrestrial experiments will have as an upper bound
the polarization given by s||(r = R⊙). The actual polarization
can be lower depending on the site in the Sun where the neu-
trino is produced, but it is expected that most of them are pro-
duced in the core of the Sun. If the terrestrial detector uses as
detection channel the ν-e elastic scattering, for a neutrino helic-
ity different from s|| = −1, there will be a difference of neutrino
counts due to the different cross sections in Eqs. (1,2).
As we mentioned before, the number of Borexino neutrino
counts requires s||<-0.68. The neutrino helicity does not change
when they are travelling from the Sun to the Earth, hence s||(r =
R⊙, µν) < −0.68. Solving for µν (see Fig. 4), we finally obtain a
new upper bound, µν < 1.4×10
−12µB, for the neutrino magnetic
moment. This is an order of magnitude below the best limits in
Table 3, even for the conservative values we are using in the
modeling of the sun magnetic field.
5. Supernova prospects
Simulations of stellar core collapse and supernova explosions
have been making impressive progress, including the descrip-
tion of microphysics inputs, i.e. the development of better nu-
merical models that incorporate the important role of nuclear
and weak interaction physics [46, 47]. The new codes include
the neutrino transport systematically and from those simula-
tions the average νe spectrum emitted by a SN can be extracted.
This spectrum has the quasi-thermal form [48]:
dN(E)
dE
=
(1 + α)1+αEtot
Γ(1 + α)E¯2
(
E
E¯
)α
e−(1+α)E/E¯ , (11)
where we use E¯ = 15MeV for the average energy, α = 4 for the
pinching parameter, and Etot = 5×10
52 erg for the total amount
of energy emitted in νe [48].
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Figure 5: Number of supernova events as a function of the recoil energy for
Dirac or Majorana neutrinos.
In addition to the incorporation of neutrino transport, re-
cently, the influence of magnetic fields on stellar core collapse
and explosion has been explored. More important, starting with
magnetic fields as strong as those predicted by stellar evolution
(B∼ 109-1010 G), due to turbulent flows, the magnetic field may
undergo kinematic amplification of some orders of magnitude
[22, 23]. In some cases, magnetic field as strong as 1015 G can
emerge for several hundreds of kilometers [22]. In such vio-
lent environment, even a tiny neutrino magnetic moment may
induce a change in the neutrino helicity s|| and thus may lead
to changes in the number of events which will be different for
Dirac or Majorana neutrinos. Indeed, a straightforward calcu-
lation using Eq. (5) for a neutrino with original helicity s|| = −1
travelling 100 km in a constant external magnetic field with
strength B⊥ = 10
15 G and µν = 10
−19µB, which is the magnetic
moment predicted for a Dirac neutrino with a mass mν = 1 eV
[31], yields a final helicity of s|| = −0.55. We can compute now
the number of Majorana or Dirac neutrino events as
dN
D,M
events
dT
= A
∫
dEν
dN(Eν)
dEν
d2σD,M(Eν, T, S ||)
dEνdT
, (12)
where
dN(Eν )
dEν
is the average neutrino spectrum, Eq. (11), and the
differential neutrino cross sections are given by Eq. (2) and Eq.
(1) for Majorana or Dirac neutrinos, respectively. The factor A
accounts for the number of targets in the detector, the time in-
terval of the detection and the total neutrino flux, that depends
on the distance from the supernova to the Earth. These param-
eters are specific of the supernova explosion event thus we are
not able to determine the total number of events. Nevertheless,
it is possible to perform a qualitative analysis of the spectrum in
arbitrary units (depending on A) to explore the relative impact
of the helicity change due to the magnetic fields in a supernova
explosion for Majorana and Dirac neutrinos. In Fig. 5 we plot
the distribution of the number of events as a function of the
electron recoil energy T for s|| = −0.55 exhibiting clear differ-
ences for Dirac andMajorana neutrinos even for the small value
µν = 10
−19µB considered in the calculation.
6. Conclusions
Massive neutrinos in an environment with magnetic fields
can change their helicity s||. On the other hand, the scatter-
ing cross section of Dirac and Majorana neutrinos on electrons
are different if s|| , −1 . In this work we point out that nature
offer neutrino sources with intrinsic magnetic fields which can
provide a sizable change in the neutrino helicity and the cor-
responding difference in the cross section between Dirac and
Majorana neutrinos scattering off electrons can be used to study
electromagnetic neutrino properties.
Considering a particular model of the Solar magnetic field
under conservative assumptions, and the number of events for
solar neutrinos coming from the 7Be line measured by Borexino
Collaboration, it is possible to have an improvement in the cur-
rent upper limits of the neutrino magnetic moment of at least
one order of magnitude. Furthermore, based on accurate nu-
merical modeling of a supernova explosion, we estimate the
change in the neutrino helicity of supernova neutrinos and show
that, even a magnetic moment as small as the predicted by the
standard model for Dirac neutrinos, µν = 10
−19µB, produces a
sizable difference, both in the total counting and in the spectra,
of supernova neutrinos detected on Earth using ν-e scattering,
for Dirac and Majorana neutrinos.
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